
. .

Long-~vavelength 640x484 GaAs/Al,Gal.,As Quantum Well Infrared
Photodetector Focal Plane Array Camera

S. D. (;umpala, S. l’. Bandara,  ,J. K. I.iu, \V. Hong, M. Sundaram, R. Carralejo*,
(;.,$. Shott*, 1’.1).  \laker and R,E. \liller

[’c[ltcr for  Spitcc  Nlicrmlectrmici ~“echnolo:j, Jet Propulsion Labora\or>.
Calif’mni:i  lnstitutc  ot’ Tcc-hnolo:).  I+lwcicna,  CA 9 I 1 0 9

*.Amber .  A Ray[heon  C’omp.in), Golet:i. CA 93117

.’4?ISTRACT

KH}’\$’ORDS:  Inrersubband  l“ran~l[lorli. Intrarcci  ( If-!),  l.ong-wti~clength Infrared ( l.\VIR).  Galllum .Arwnldc
( CJ:i.\\ ), Quantum R’ell Infrared Pho[ociercc[or  ( QW’IF’).  Focal Plane .Arriiy i. Norw  Eqirlvalcnt Tcmpcriit Llrc [)rtfcrcncc
( SEL\l’).  Intrarcd ]rnaging C’irnwrii\

INI’ROI)[:CTIOX”

Fabricated  cntirel!  from large bancigitp nmtcrtiili whrch are eaiy ro grow and procc~i, it ii nou poi~iblc I() (~bt:iln
I:irge uniform t’oc; il plane :irriiy~ ( F; PA\ ) o! Q\$’IPs tuned to detect light :ir waveleng[h~  from 61025  ~rll In the [; L1.\v’.\],  [;iL ,
.As nlii[mial  systenl”  ‘i. lmprrwing QW’IP pcrform:ince CEcpcncis  I:irgely on min imiz ing the para~itic  currcnr  th;ir pl;i:iIc\ till
Il:hr dciec[ors.  the dark  current (the current that tlow~ throuph ii bIirwci  deiecmr in rhe diirh. i.e.. v.)rh no pht~r(mi  lnlplngln:
on rt). A\ tve ha~e dr>cu~sed  elsewhere [5.6], at temperatures above 45 K, the dark current of [he QW’l PS h;i\ in: cli[otf’
v,ii~clcnurhi In the 8-12 Km spectral region are en[irelv dominated by cliriiic thennionic en]i~~lor]  oi ground ~rate elc~rr(~ns.
into the energy conrinuurm  Minimizing rhi> dark current compomnr i~ cri[lcal ro the conlnwrci:il iuccesi  of rhc Q\\” IP as i[
allo~{ \ rhe highly -Lfcsiriible high-temperature camera  opmrtion.

T h e r e f o r e .  we ha~e destgned  the bound-to-
qii:iiibound quantum well by placing the first excited state
c~acily at the well top. The previous QWIPS were called
the hind-to-continuum. beciiirse the first excited state was
ii continuum  energy band above the well top (typically 10
n]c~’ ). Dropping the first excited state to the well top
L;iu\e\ the biirrier to thermionic emi$sion  (roughly the
energy height tmm the ground stare to the well top) to be -
10 n~cV more in our bound-to-quasibound  QWIP thiin in
rhc bound-r o-continuum one. theoretically causing the dark
curren( to drop b} u factor of - 6 at ii temperature of 70
K[5-7]. The dark current-voltage curve of the 8.3 }im
pe;ihed bound-to-qua~ibound  QWIP is shown in Figure 1,
Thi\ compares  Nell with the factor of - 6 drop we have
expw[ed ~rom the theoretical estimations.

TEST STRL’CTURE RESULTS

EZach period of the niulii-quantum \vcllo
itruc[ure  consi~ti  of a 45 A  well of CJa A\
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TEMPERATURE . 77K
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[L)-qu;i\lbound QW’IP.  ~hc pcah qu~n[um ct’tlcicn~.y  wai
17.5C[ a[ bias l’~ = -2 \’ for a 45’ double pa~s, The lower o
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quantum ctttciency  ii due [o [he lower \\ell ciopirrg  density
(fl I() “ cm ‘) ~i 1[ ii ncce~wtry  to supprc\\ the dark cur rent

WAVELENGTH (pm)

“ /
a[ [he highci[ possible opersting ternpera[ure. A  peak FIQUIC 2 R1’$pl)tl\l[/\’i .5[>,,( [111??1 (Jr  d }7(111!1</-1(1-</1  (11%! /1/11(11</ [ ti 1/7

quan[um etiiciency a~ h i g h  a~ 25~/ ha~ tilrctidy  b e e n  @~{’lP  lcf( $(r~~fll~~c (~1 rcmpcldrulc  7 = 77 K 7ht’ $p(,(r~,ll Ic\p,J/I\L
x’hicved  with regular  well dc>ping density (i. e.. I\lo[’cnl [V(1L  l.\ll[<Y  .<pttlllrlll  r/l f, I()tlq\!  cI\f,/t,tlq[/[ ('1(1(1// [\1l[tYf+/lrtl

‘). Ducto  lrrwerreadout  nlultiplexe  rwelldcpth (i.e., 9xloh
clwtron~)  a lower dark current ii mandatory to achieve a higher operating temperature. In [hi~ caw. [he hlghc~t opcratrrr:
tcmpera[ure ot’ 70 ~ uas determined by the  coo l ing  capac i ty  of the Iiqu!d nitrogen Iakmrator>  dew:ir. The  c)pcra~tng

[cmpcr:iturc  ot70 K h:ii been achieveci  by pumping on liquid nitrogen.

Ihc pho[oconductive giiln g was experimentally determined u\inglR1 g =  i: /4el[)B +  1/2S. ~~hcre  B i~ the
nleaiurcrnent b:indwidth, .N i\ the number of quantum wells, and in is the current noiie. which  was metriurcd Lr\ing a

~Pe~trun~  :m~l!’~~r,  The ph~toconductive  wn Of the detector reached 0.98 at v B =-5  v. Since the gain ot’ QW’l P 1~ inveriely
prop(mional  to the number of quantum wells N, the better comparison would be the well capture probablli[>  pc. which is
cilrcctly rciated to the gain’” b Y g = l~Pc. The calculated well capture probabilities are 25% al low Ma$ (i.e.. ~B = -1 t’) and
2(( at high bias (i. e.. VB = -5 V) which indicate the excellent hot-electron transport in [hi~ device \tructure.  The peak

dctectivi[y is dctlned ai D; = Rp \ AB / i“, where Rp is the peak responsivity.  The meaiured peak detect ivitj tit bias \TB
—— -3.() \’ and temperature T = 70 K is 1.8x101 1 cnl\’H7/W.  These detectors show background limited performance (BLIP) tit
blai VB = -2 \’ and temperature T = 73 K for 300 K background with f/2 optics,

QWIP IMAGING FOCAL PLANE ARRAYS

1[ is well known  that QWIPS do not absorb radiation incident normal to the surface unless the Ill radiation hai an
electric field component normal to the layers of superktttice (growth direction) {5 1. As we have discussed before [5.9] more
IR light c:in be coupled to the QW[P detector structure by incorporating a two dimensional grating surface on top of the
detec[ors which also removes the light coupling limitations and makes two dimensional QWIP imaging arrays i’efisible,  This
[u o dlmenilonal gr;itlng  \tructure wa~ fabricated on the detectors by using standard photolithography and CCIZFj selective
dr! etching.

After the 2-D grating array was deftned by the photolithography and dry etching, the photoconductive  QWIPs of the
6-K)\4$l  F;PAs  were t’abricated by wet chemical etching through the photosensitive GaAs/AlxCial. x.As multi-quantum well
la>er~ into [he 0.5 pm thick doped GaAs bottom contact layer. The pitch of the FPA is 25 pm and the actual pixel ~ize is
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18X 18 pm2. The CIOSS gratings on top of the dctcc[ors  were then covcrrd with Au/Gc and ALI for Ohmic contact and
reflection. };i. gurt’ 3 show’s  IIVCIVC proccsscd  Q\VI}’ J;J’As on a 3 inch (kIAs wafer. lndium bumps w’erc  then cvapmled m
top of the dclcclws f{)]  Si lcadoLlt circuit (KO(’)  hybrid i~ati(m. A siuglc QWII’  I;PA was chosen and hybridi~ed (via inclium
bLlmp-brmding, INOCCSS)  to a 640X484  (’h’loS nlultiplckcr  (Amber Al{-181 ) and biased [it VB = -2.()  V. Figure 4 shows a size
compa!  i son of this Iar:,c att’a lotlF, -wavclctlg[h  Q\$’II’ l:l’A to a quarict. At tctl~pcr-aturcs below 70 K, the signal to noise ratio

m
t i<qll! 1’4. A .$izc W)lpt)l’i.wul  (f 1//(’  640.1  484 lotl<q-tt’(l\’( ’ll’ll,ql/l
Ql\’If’ l’t’A I(J (I q,,(,)  /e/.

o f  t h e  sysIcm is Iimitcd b} a r r a y  r~or~-[l[~ifc)rl~lity,
multi plckcr retidout  noise, and photo curtent (photon flux)
noise. At temperatures abcrvc 70 K, tcrnporal rmisc due 10
the QW1}”S  higher dark current bccomcs  the limitation. As
mentioned c~rlicr this higher dark currerlt is duc to
thcrmior)ic  emission and thus caLIscs  the charge storage
capacitors of the readout  circuitry 10 saturate. Since the
~w]})  is a high impcdarlcc dcvicc, it shou]d  yield a very
high charge ir]iectiorl  coupling efficiency ir~to the
inlcgralion  capac’ilor of the mulliplckcr. In Fact Bcthea et
(//. [2 ] have der~lonstrated charge injection efficiencies
appt-wchir~g 90%. (’hargc injcctirm cf(lcicncy  car] bc
obtained frcm [3]

(1)

~vbcrc  g,rll is Ihc trttl~icc~rl(lllc[atlcc of the hfOSf~JU1’  ;ind it i~ given by ~rll = CII)cI/ti’l’. The differential resis[ancc  R1yt  of the

pixels a[ -2 V bias is 5.4x 101°” ohms  :i[ ‘l’= 70 K :ind dctcclor- capaci[arlcc  (’l)ct  is 1.4x I (T 14 }:. I’lic detector dark cLlrrcnt
II)ct = 24 pA undci IIIC satnc opctatirl:, comlilitmi. According  to cquati(m  ( I ) tbc charge it~jcction efficiency l~,r,j =99.5% at

a frarnc  rale of 30 1 Iz. The J;I’A ~vas bitch-illllt~lill:ltc>cl  through lhc fla[ thinned sut)stralc membrane (thickness = 1300” ~).
~’his ttlir~ncd CiaA\ I;I’A  nlcmbranc  ha~ Lwnlplctcly climina(cd the thermal mismatch bctivccrl  the silicon ChlOS readout
multi plckcl  and tllc (ia A\ ba~cd Q\\’ II’ t~t’A. lla~ically, the thinned CiaAs b;i~cd QWIP l;l’A rncmbranc adapts the thermal
cxpaniior]  and colltlaclion cocfl Icicllts  of the silicon rcadoLlt nlul(iplcxcr. ‘1’here’fore, this thinning has playccl an cxtrtmcly
imporlant  role it~ the fabrication of large area l;l’A hybri(l~.  In addition, thi~ thinning ha~ comp]ctcly  climirlatcct the pis.cl-tm
pixel ctoss talh of the f ‘l’A. This initial amay gave c.xccllcnt imap,cs with 99% of the pikcls working, dcmor~stratirlg  the high
yield of GaA\ tccbnology. ‘1’hc  operability wai dcflncd  a~ the percentage of pikcls having noise equivalent differential
tcmpctaturc Icss th:in I ()() rnK al 300” K bachgtound  aml in this caw opcr-ability happens to bc cqLlal to the pixel yield.

\\’c h;ivc ilscd {hc following equa[im to calculate the noise cqui~ralellt  tcmpcrxtuw  diffcl-cncc (N IiA1’)  of the l:l’A.

NI;AI’  =
\/All

l)~,(d}),{ / d’1’)sin2(0 / 2) (2)
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VIdcrr  images  were  [;ihen  at a t’ramc r.itc  ~lt 31) II{

It should be noted that [hew initi:il  unoptinlizect
FP.A resul[i are far f rom opt imum. The Ilght coupling
Fratings were n o t  op[irnized  (as de\cribc  Li carlicrl  for
maximum light coupling eftlcienc~;  no an[l-retlcc[rt)n
coatings  ~ere uwd on the back~ide of rhe F; PA: :ind fln.illy
the multiplexer used wus not optimi~ed to ~uppl> the proper
biai required by pho[oconductive  QWIPS (i.e.. .AF- IX I w:is
optimized  for photovoltaic  lnSb FPAi). [n~plenwnt~ition  of’
these improvements should significantly enhance the QW’[P
FP.A operating temperature (i.e., 77 K for 9 ~rn).
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